Nb/A1/A1O/A1/Nb Superconducting Tunnel Junctions (STJ's) have been studied extensively as photon detectors, because of their intrinsic capabilities in terms of charge output and energy resolving power. A critical element in such an STJ is the aluminum layer which separates the superconductive Nb from the AlO tunnel barrier. In this paper, the role of this Al layer is investigated. The behavior of high quality STJ's, differing by the Al thickness only, is analyzed. Five thicknesses ranging between 5 nm and 120 nm are considered. The charge output, the energy linearity and resolution for the case of 6 keY x-ray photons are discussed.
INTRODUCTION
Superconducting Tunnel Junctions (STJ's) are promising spectrometers for astronomy, because oftheir impressive theoretical spectroscopic resolution at x-ray and optical wave lengthst3 For example, an energy resolution as good as 10 eV FWHM for 6 keV detected photons is typically considered as an achievable goal for Nb based STJ's.2 However, to date this resolution has not been realized. One of the reasons is a limited understanding of some of the phenomena associated with the detection process. In particular, the proximity effect associated with the coupling of two superconductors with drastically different properties -as Al and Nb -has not been thoroughly studied in terms of charge output and energy resolution for x-ray photodetection. Previous theoretical work4 '5 has not been experimentally confirmed by actual reproducible measurements on relevant devices, resulting in many degrees of freedom for the numerous parameters associated with the models. Experimental studies of the effect of various geometries have not been to date extensively investigated. 6" In this paper, results from a systematic study of symmetric Nb/A1/A1O/Al/Nh STJ's are presented. Typically, 100 nm of Nb were used, and various Al thicknesses between 5 nm and 120 nm.
2 X-RAY DETECTION BY A SUPERCONDUCTING TUNNEL JUNCTION
General process
Before the presentation of the experimental data and their interpretation, we shall summarize the process of photodetection in a STJ.
When a photon is absorbed in an electrode of a STJ, its energy is used to produce a cascade of Cooper pair breakings, producing in this way two charge carriers per broken Cooper pair, called quasiparticles. The relaxation of these quasiparticles will also produce a cascade of phonons. A significant fraction of these phonons have sufficient energy (Q), to break additional Cooper pairs (2 > 2A = Cooper pair binding energy). At the end of this process, most of the photon energy E will be converted into Qo excess quasiparticles. Typically, in Nb, Q0 E/1.75L.2 These excess quasiparticles are in addition to the thermal quasiparticles, always present, and due to thermal excitations.
The quasiparticle excess is extracted by applying a d.c. potential across the harrier and thereby favoring the transfer of quasiparticles from one electrode to the other. Each quasiparticle transfer is coupled to the tunneling of an electron across the barrier, at a rate F. The constant polarity of the potential ensures that all electrons will tunnel in the same direction, regardless of the direction of the quasiparticle transfer. Hence, each quasiparticle transfer corresponds to a positive current. In what follows, we will simplify the description by assuming that quasiparticles tunnel at a rate F. However, the physical reality is a quasiparticle transfer coupled to an electron tunneling.
The detector signal is the overall current developed by the tunnel processes. The time integral of the current pulse is a measure of the total charge produced in the device by a photon of energy E. However, before transfer, quasiparticles can loose energy -via phonon emission -, and recombine with another quasiparticle into a Cooper pair. This recombination process occurs at a rate P. Other quasiparticle loss processes can occur, such as quasiparticle trapping in local spots of reduced bandgap (like the junction edges, e.g.), diffusion to the leads, etc. These other loss processes are described by a loss rate lT. Thus, the tunneling probability P for a quasiparticle is given by:
Finally, once a quasiparticle has tunneled to the opposite electrode, there is a certain probability that it tunnels back to the incident electrode.8 Thus, a quasiparticle can contribute several times to the signal.9 On average, each quasiparticle will contribute < Ti > times to the signal. Hence, the charge output Q in units of Qo is given by:
The average number of times < n >, that a quasiparticle generated in electrode i tunnels across the barrier and contributes to the signal is given as a function of the tunneling probabilities Pj() for a quasiparticle in 524/SPIE Vol. 2808 electrode i (j) by10:
The energy resolution LiE (FWIIM) of a STJ is composed of four components associated with fluctuations in Q: the Fano limited resolution the statistical fluctuations in < n > oj, the electronic noise contribution°e and the fluctuations due to spatial variations in the response across the STJ o•: (4) The electronic noise is mainly related to intrinsic characteristics of the STJ , like the subgap current and the dynamical resistance. Hence, it is not a function of the energy of the incident photon. The variances 4 and C•?ur, (f seif-recombination is neglected) are both proportional to the photon energy.2"0 The spatial fluctuations are due to response non uniformities across the junction and have a variance o proportional to E2.'2 The latter fluctuations are usually thought to be the major contribution to the energy resolution at x-ray energies.'2'1°2 .
Tunnel rate
The simplest expression for the tunnel rate is given by '3: (F)_14e2Nopd (5) with N0 the density of states per spin direction and per eV in the normal state, p the resistivity of the barrier, d the thickness of the superconducting layer, L the bandgap in the electrode (half of the binding energy of a Cooper pair) and V, the bias voltage applied across the barrier.
If -like in the case of Nb/A1/AlO -the electrode is made of two different superconductors, with a smaller bandgap for the superconductor sandwiched between the other superconductor and the insulating barrier, Equation (5) must be adapted. In this case, there exist in the low gap superconductor, some states, free for the quasiparticles, and corresponding to a lower energy than any state in the large gap material. Hence, if a quasipartide occupies one of these states, it cannot reach the higher gap superconductor anymore, and it is trapped. As a consequence, the quasiparticles are confined in a layer thinner than d, with a density of states and a bandgap varying through the electrode. Thus, Equation (5) is only (approximately) valid for non trapped quasiparticles. If the trapping rate Ftrap is much larger than the tunnel rate of non trapped quasiparticles, and if the re-excitation of a trapped quasiparticle -via phonon interaction -is much slower than the trapping process, then each quasiparticle will be trapped before it tunnels, and will stay in such a trapped state up to the moment where it tunnels.
Typically, the trapping layer is formed by the low gap material (Al in this case) and a fraction of the higher gap material, of thickness L referred to as the characteristic length.4 Hence, the tunnel rate from a Nb/Al electrode becomes:
where L\ is the bandgap as measured at the barrier.
The fraction of effectively trapped quasiparticles determines whether Equation (5) or (6) is applicable for the tunneling rate. The trapping and re-excitation rates have been calculated numerically by Golubov and le Grand,4'5 as a function of the various parameters involved.
Recombination rate
The second rate involved in Equation (1) is the quasiparticle recombination rate. An excess quasiparticle can recombine either with a thermal quasiparticle (thermal recombination), or with another excess quasiparticle (selfrecombination). The recombination is accompanied by the emission ofa phonon, which can either break a Cooper pair again, or be lost by energy down-conversion or diffusion out of the trapping region. The recombination rate can be written14:
Fr (riexe + 2nh)R* (7) with /2\ 1 / ri\_1 R* ) 4N0r0 ) . (8) T is the critical temperature of the superconductor, ri is the phonon loss time from the electrode and Tpb S the phonon characteristic time for Cooper pair breaking. n and th are the densities of excess and thermal quasiparticles, respectively.
The energy non linearity in the x-ray response of a STJ arises from the photon energy dependence of the density of excess quasiparticles n, and hence of the losses via recombination.
It is important to realize that the quasiparticle loss via recombination actually corresponds to a phonon loss. The recombination can only be effective if the emitted phonon is lost, since Cooper pairs are continually being created and destroyed in equilibrium through their phonon interaction.
EXPERIMENTAL CONFIGURATION

Superconducting tunnel junctions
The STJ's used in the experiments were fabricated by Oxford Instruments Scientific Research Division (Cambridge, UK). They consist of a Nb/Al/A1O/A1/Nb multi-layer deposited on a polished sapphire substrate. The base electrode is epitaxial and the top is polycrystalline. The electrodes are symmetric with respect to the AlO barrier, and consist of 100 nm of Nb and different Al thicknesses (5, 15, 30, 60 and 120 nm). All devices discussed in this paper are 20 x 20 pm2. The Nb connecting leads are 1 pm wide (diamond configuration). The insulating barrier is highly transmissive with resistivities around 2.2 x 1O_6 . cm2. At 0.3 K, subgap current densities lower than 0.18 pA/pm2 have been measured at a bias voltage ofO.1 mV. Measurements at higher temperatures indicate that these current densities are leakage limited, i.e. no temperature dependent contribution to this current was observed. The energy gaps have been derived from the I-V characteristics. Table I summarizes the characteristics of each configuration.
Cryostat and electronics
The junctions were placed in a vacuum environment and clamped to a cold finger, cooled via a 3He cryostat to a base temperature of 0.3 K. A magnetic field can be applied, via a superconducting magnet, in order to suppress the d.c. Josephson current. A radioactive 55Fe source was enclosed in the sample vacuum chamber. This source is emitting approximately 90% Mn-Ka (5895 eV) photons and 10% Mn-K (6490 eV) photons.
The current pulses from the STJ were fed into a charge sensitive preamplifier and a shaping stage, operating at room temperature, and optically coupled to a PC. The measured quantities are the amplitude and the rise time of the signal at the output of the preamplifier. They correspond to the total number of tunneled electrons (charge output) and to the decay time of the current pulse from the STJ, respectively.
During the measurements, a test pulser was coupled to the preamplifier, in order to monitor the electronic noise. Table 1 . The charge output increases with Al thickness, with a plateau between 15 and 30 urn. The increase is particularly important above 60 nm. The rise times have a similar behavior.
RESULTS AND DISCUSSION
The key parameters described in section 2 are computed in Table 2 , for each of the Nb/Al configurations described in Table 1 . The upper panel of Table 2 refers to the base film, and the lower to the top film. Each panel contains the following values: the charge output Q for Mn-Ka incident photons; the rise times RT; the quasiparticle tunnel probability F; the average number of tunnel processes per quasiparticle < n >; the trapping and re-excitation rates Ftrap and Fexc; the characteristic length L; the tunnel rate F; the effective recombination factors RUb (for the base film only) and R1, associated to phonon loss to the substrate, and to the opposite electrode, respectively; the derived overall loss rate (Fr + F1).
The charge outputs and rise times correspond to the data of Figure 2 , at eVb/ = 0.4.
The < ri > values have been calculated with Equation (2), using the charge outputs of Table 2 . The Qo values were taken based on an absorption in Nb.2 This assumption is justified by the much stronger absorption power of Nb compared to Al at 6 keV.15 For the 120+120 nm device, Qo was increased by a factor of 2. In this case, each trapped quasiparticle is accompanied by the emission of a phonon of energy Lb -= 1.55 -0.44 1.11 meV (see Table 1 ). In all the other configurations of Table 1 , this difference is lower than the binding energy of a Cooper pair in the trap (2) . In this configuration however, 2 = 0.88 meV, and the phonons are sufficiently energetic to break additional Cooper pairs in the trap. It can be estimated16 that about half of these phonons are lost, via down-conversion or transmission to Nb or to the other electrode. The remaining phonons will break a Cooper pair, and generate two quasiparticles each. Since the phonon characteristic time for Cooper pair breaking in Al is about 0.2 ns (i.e. negligible compared to the quasiparticle lifetime or rise time), the number of trapped quasiparticles can be assumed twice as large in the 120+120 nm Al configuration than in the other configurations.
The tunneling probabilities P have been derived from the average number of tunnel processes per quasiparticle 528 ISPIE Vol. 2808 ---= 0.18 < n >, based on Equation (3).
The trapping and re-excitation rates were derived from le Grand and Golubov.4'5 The same references have been used to evaluate the characteristic lengths L . It must be stressed that the values of these three parameters are very rough estimates. Also, they correspond to the limit of dirty superconductors, while the base films of the STJ's used here are in the clean limit.
The tunnel rates have been calculated with Equation (6), using the L values of Table 2 . It is obvious from Table 2 that the tunneling is considerably slower than the trapping and that the re-excitation is simply negligible at 0.3 K. Since the trapping rate is faster than the tunnel rate for trapped quasiparticles, which is, in turn, faster than the tunnel rate for non trapped quasiparticles, it is justified to assume that all quasiparticles will be trapped before tunneling. Hence, the effective tunnel rate comes from Equation (6), rather than Equation (5).
The recombination factors have been calculated as an average over the trapping region. In Al, the bandgap has been considered as a constant, and equal to the measured bandgap z. From the Al/Nb interface up to a distance equal to the coherence length in Nb eNb, the bandgap has been assumed to vary linearly between Li and Nb For distances from the barrier greater than dAl + Nb within Nb, 'b has been adopted as a uniform bandgap value. N0, TO, T and Tpb in Nb and Al have been taken from Kaplan. 17 The phonon loss time Tpl 5 different in Nb or in Al, and between the top electrode and the base. It can be written18: 4d rpl= (9) 1) Vph with d the thickness of the layer from which the phonons escape, i the phonon transmission coefficient through the escape interface and Vph the phonon velocity in the medium. For instance, for phonons created in the Nb part of the base film, ij is the transmission coefficient from Nb to sapphire; for phonons created in the Al part, the transmission from Al to sapphire, via Nb, should he used. Note, the recombination due to phonon loss "to the substrate" R;, is actually due to phonon loss from Nb to sapphire and from Al to Nb. Any phonon in Al that escapes into the Nb film cannot break a Cooper pair in Nb, and is considered as lost to the substrate, or by energy down-conversion.
Finally, the totalloss rate (Fr+Fi) has been estimated through Equation (1), using the computed probabilities and tunnel rates. Table 2 clearly shows, that the charge output increases with increasing Al thickness, implying enhanced P and < n >. This multiple tunneling is increased with thicker Al, since there is an increased tunneling probability in both electrodes. Clearly, the variations in the calculated tunnel rate cannot account for the observed changes in P. However, lower loss rates can explain it. The rise time behavior of figure 2 is also consistent with this conclusion. The rise time is a measure of the decay rate of the population of excess quasiparticles. In the absence of back tunneling, the quasiparticle population is reduced via tunneling, recombination and other losses. However, the back tunneling refills the quasiparticle population as rapidly as the tunneling decreases it. Consequently, the rise time is mainly sensitive to the Losses quoted in Table 2 , even if tunneling is faster than losses. This trend is clear from Table 2 .
We must conclude therefore that the main effect of a thicker Al trapping layer is to reduce the rate of the quasiparticle loss processes, which include quasiparticle diffusion to the leads, trapping in anomalous low gap regions, etc. This conclusion is consistent with the high trapping rate and lower l)andgap in thicker Al devices. 
Non linearity
In Equations (1) and (3), the only parameter which depends on the photon energy -and makes the signal non linear with respect to energy -is the selfrecombination rate. Indeed, Equation (7) shows that 1.12 ' (Li e r e) the recombination rate is proportional to n, the den- layer, the more non linear is the device. This observation is perfectly consistent with the data in Table 2 ness, the total losses decrease drastically, making the recombination the main loss term. Hence, the total loss rate depends much more on the photon energy in thick Al devices.
A second parameter influencing the non linearity should be mentioned. Compared to the 60+60 nm device, the recombination factor of the 120+120 nm device has decreased as much as the total loss rate. However, the non linearity is much more pronounced in this latter device. This suggests that a parameter, which is not included in the recombination factors, plays a major role. This parameter is the volume of the quasiparticle cloud, included in nexc (see Equation (7) . This volume evolves together with the quasiparticle diffusion coefficient in the electrode. A slower diffusion in Al than in Nb would, in the case of thicker Al devices, produce a stronger recombination.
Another feature, which is not well understood, can also contribute to non linearity. Measurements have been done on the sample with 120 nm Al, in the optical wave length range (.\=200-1000 nm).3"9 Single optical photons were detected, but with a much lower responsivity than expected. At these lower energies, < n > is about 5, i.e. about 3 to 4 times lower than the value arising from Table 2 and Equation (2) . In view of the extreme non linearity in the response to x-rays, the opposite effect would be expected. The underlying physics, as well as the importance of this phenomenon at energies as close as the Mn-Ka and Mn-IK lines, is unclear. A possibly similar phenomenon has been observed by Mears6 and has been attributed to an electro-thermal feedback effect. Table 3 shows the energy resolution (FW}JM) at 5895 eV, as a function of Al thickness, for the base film, for the case where eVb/LI=0.4. The electronic contribution o has been removed. The estimated contribution from the tunnel and Fano noise is less than 15 eV, in all cases. Thus, the values of Table 3 are basically due to spatial non uniformities across the STJ.
X-ray energy resolution
The very large FWHM of the 30+30 nm sample is suspected to be due to an additional feature, and should not be directly compared to the other values. A permanent magnetic flux may have been trapped in this device during the cooling down procedure. Such a flux is an enormous source of local quasiparticle trapping. The anomalously high losses observed in Table 2 for this device are also a manifestation of this flux trapping.
Spatial non-uniformities in the response of the device can be thought of as variations of the tunnel probability across the device. Based on Equations (2) and (3), the variations of tunneling probability LIP necessary to achieve the observed resolutions can be calculated. Equation (2) leads to an absolute variation in base film charge output given by:
LIQb Qo 3;b> LIPb + Qo 3(<n>b) LIP+ < n >b LIQ0. (10) Indices b and t correspond to the base and top films, respectively. LIQ0 is actually the Fano limited resolution, and is negligible. Introducing Equation (3) Table 3 and the tunneling probabilities of Table 2 , LIP/P can he found. The results are quoted in Table 3 . The high LIP/P for the 30+30 nm device is a direct consequence ofthe magnetic flux trapping mentioned above.
The other values can be attempted to be interpreted. As concluded in section 4.2, Table 2 suggests lower loss rates for more efficiently trapped quasiparticles. If a quasiparticle reaches the edge (or a lead) before it is trapped, it may be lost. For a photoabsorption at the center of the STJ, if the trapping is efficient enough, all the excess quasiparticles will be trapped before they reach the edge. Hence, there is a ring around the perimeter in which the tunneling probability is affected by the presence of the edge. Outside of this ring, the quasiparticles do not see the edges. This ring has a width directly related to the trapping rate and to the quasiparticle diffusion in the electrode.
If the ring is very narrow, only photons absorbed very close to the edge will be affected and will lead to variations of the tunneling probabilities. All the other photons are not influenced by the edges. Clearly, the configurations with 60+60 nm and 120+120 nm Al are in this situation. The trapping is so fast (< 1 ns) that a further increase of the Al thickness does not decrease AP/P significantly.
In the other limit, if the width of the ring is much larger than the STJ dimensions, all the photons see the edges in the same way, and the variations in tunneling probabilities are not strongly influenced by the edges. The 5+5 nm Al device corresponds to this case. Here, the trapping time is about 100 ns. During this period, all quasiparticles have the time to completely cross the electrode several times.
The intermediate situation, corresponding to a broad ring, smaller than the STJ dimensions, gives the largest LIP/P. Almost all the photons see the edges, in a way depending on the distance between the absorption site and the edge. Consistently with this argument, the 15+15 nm device also shows the largest AP/P.
The qualitative argument used to interpret the measured resolution for the base electrode is complicated, due to the coupling between the two electrodes, by back tunneling. Especially, a difference of one order of magnitude for the diffusion coefficients in the polycrystalline Nb of the top electrode and in the epitaxial Nb of the base electrode, can lead to a large different width of the ring mentioned above in both electrodes.
